Th e present study was conducted in 47 diff erent riparian areas distributed throughout Denmark to investigate diversity and distributional patterns of plant communities along a lowland stream size gradient (fi rst to fi fth order). Th e investigated areas were representative for Danish riparian areas not in use for agricultural production. We investigated plant community richness along a stream size gradient and the infl uence of eutrophication on the abundance of diff erent plant communities. Vegetation analyses were performed in transects placed perpendicular to the stream channel, with a total of 1798 plots analyzed. Overall, we found a positive relationship between stream mean depth as a measure of stream size and the number of plant community types identifi ed in the riparian areas. We also found that the abundance of the identifi ed communities was positively correlated with their nutrient preference and negatively correlated with their moisture preference. Th e abundance of alkaline fens and Molinia meadows (protected community types) in riparian areas decreased with increasing size of the stream, whereas the abundance of humid meadows and wet herb fringes increased with increasing size of the stream. Based on our fi ndings, we recommend that wide buff er zones be established along streams with protected habitat types in the associated riparian areas to reduce the direct impact from agriculture. Furthermore, we recommend that wide buff er zones be established along middle-sized and large streams because several community types may develop.
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Diversity and Distribution of Riparian Plant Communities in Relation to Stream Size and Eutrophication
John B. Dybkjaer, Annette Baattrup-Pedersen,* Brian Kronvang, and Hans Thodsen T he ability of riparian areas to capture or buff er sediment and nutrient losses from agricultural fi elds in catchments before they enter water bodies such as streams, lakes, reservoirs, and estuaries has increasingly been used during the last decade to reduce sediment and nutrient losses to surface waters (Sharpley et al., 1994; Venterink et al., 2003; Kronvang et al., 2008 Kronvang et al., , 2009 . Th e processes involved include mechanical trapping of sediment-bound nutrients, denitrifi cation of nitrate, and sorption of inorganic P to iron and aluminum hydroxides (Vought et al., 1995; Hoff mann et al., 2006 Smith et al., 2008) . Recently, emphasis has been laid on the importance of riparian areas for maintaining and enhancing biodiversity in agricultural environments (e.g., Sabo et al., 2005) , refl ecting that riparian areas are core habitats for a wide range of semiaquatic and terrestrial species and can function as wildlife corridors linking habitat patches in an agricultural landscape (Forman, 1995) . It has also been acknowledged that the diversity of the vegetation in the buff er zone (e.g., species richness, vertical structure, and species composition) is important for its function to protect from agrochemical runoff and from erosion of nutrient enriched stream banks (Sharpley et al., 1994; McDowell et al., 2003; Kronvang et al., 2011) .
Th e purpose of the present study was to gain insight into plant diversity patterns in riparian areas in an agricultural landscape that can be used in the establishment of buff er zones to optimize conditions for plant community diversity. Specifi cally, we investigated community diversity and abundance along a stream size gradient. Generally, biodiversity in natural riparian areas is sustained by high spatial and temporal variability in the environmental conditions, refl ecting that strong environmental gradients exist at diff erent spatial scales (e.g., Naiman and Decamps, 1997; Ward et al., 2002) . In particular, the complexity in the geomorphology and hydrology increases with increasing stream size (Brinson, 1993; Dahl et al., 2007) and with the size of the aquifer (Grootjans et al., 2002) ; we therefore expected to fi nd an increasing number of plant community types with increasing stream size, in particular waterdependent types (e.g., surface water habitats and habitats that depend on saturation conditions caused where groundwater is at or near the surface of the ground or where surface water fl ooding is frequent, such as fens and meadow types).
Intensifi cation of land use throughout most of Europe within the last decades has changed the environmental conditions dramatically in lowland stream and river ecosystems. Particularly, stream modifi cations (e.g., channels have been straightened, dredged, and confi ned by levees; Brookes [1987] ) have changed the hydrology of riparian areas, and the increase in the use of fertilizer during the second half of the 20th century has increased the availability of nutrients. Nutrient loading is one of the most important threats to plant diversity and a major reason for the continuing decline of species that were formerly widespread (Venterink et al., 2001 . High-intensity agricultural production may therefore have reduced community diversity signifi cantly and possibly interferes with the expected increase in the number of plant communities with increasing stream size described above. We used an extensive dataset covering a total of 47 diff erent sites and 1798 plots distributed throughout Denmark to investigate (i) plant community richness along a stream size gradient and (ii) the infl uence of eutrophication on the abundance of diff erent plant communities. We discuss our results in relation to the establishment of buff er zones along streams in agricultural landscapes to improve conditions for biodiversity.
Materials and Methods

Selection of Stream Sites
A total of 47 sampling sites, all with open vegetation, were selected in 11 large stream systems distributed throughout Denmark (Fig. 1) representing existing variability in geological, hydrological, and climatic conditions. Th e investigated areas are representative of Danish riparian areas not in use for agricultural production, but they may have been used formerly for grass production. Th e selected sites were located in both upstream and downstream reaches, with approximately four sites in each system to cover a gradient in stream size. For all sites, the catchment was delineated from elevation contours on a national digital topographic map (1:25,000) (Nielsen et al., 2000) , and total stream length upstream to a site was determined using AIS software (Denver, CO) in GIS.
Each sampling site was delineated as a 100-m-long reach along the stream channel. Th e starting point (at 0 m in the upstream direction) was registered by the use of GPS, and sites were precisely marked on aerial photographs. Six crosssectional transects, placed perpendicular to the stream channel, were established 0, 20, 40, 60, 80, and 100 m from the starting point (Fig. 2) . Each transect reached 10 m into the riparian areas on both sides of the stream.
Vegetation Surveys
Vegetation surveys were performed in 2004 using a semi-stratifi ed approach. Frequency analyses were performed in a total of 1798 randomly selected plots of 100 × 25 cm in the 47 areas (varying between 20 and 48 plots in each of the areas). Th ese plots were located along the cross-sectional transects to cover the most signifi cant environmental gradient of importance for the vegetation (Fig. 2) . Th e presence of all vascular plant species was recorded (Økland, 1990) following the nomenclature of Hansen (1981) .
Site Characteristics
Stream depth and width were measured in each sampling site. Stream depth was calculated as a mean from approximately 200 point measures allocated along the cross-sectional transects in the stream channel. Stream width was calculated as a mean of the width of the established transects. Selected environmental variables were measured in the riparian areas. Th e groundwater table was measured in April and October at 2 and 25 m from the stream channel in piezometers (PEH tubes; Rotek, Denmark), and the level of the groundwater table was calculated in the sample plots assuming linearity between groundwater measurements. Th e fl ood potential of the sample plots was calculated using the following approach: (i) aerial photographs with detailed markings of all plots were imported into GIS, (ii) aerial photographs were fi tted with a topographic map (Danish National Digital Elevation Model 160 cm; Lidar DK-DEM, Copenhagen, Denmark), (iii) fl ooding of the riparian areas was simulated by raising the stream water level 50 and 100 cm above normal, and (iv) each plot was assigned to one of the following classes: 1 = no fl ooding, 2 = fl ooding at 50 cm water level rise, and 3 = fl ooding at 100 cm water level rise. Soil texture and type were characterized in the upper 30 cm of the soil in the surveyed plots using a 3-cm-diameter core sampler. Texture was categorized into clay; silt; fi ne-, medium-, and coarse sand; fi ne and coarse gravel; and stone. Soil type was categorized into gytja, peat, and mineral components (Schroeder, 1984). Gytja is an organic matter-rich material deposited in standing waters.
Data Analysis
Th e vegetation data were analyzed using three diff erent approaches. (i) Plant community structure was analyzed applying a detrended correspondence analysis (DCA) on the dataset. Species occurring in fewer than four plots were excluded, leaving 213 species for the analyses. Species scores for the fi rst three DCA axes were used to describe community structure. (ii) Species indices (e.g., richness
[S] and shannon diversity [H] ) and weighted averages of Ellenberg's indicator values for nutrient availability (Ell-N) and moisture (Ell-F) (Ellenberg et al., 1992) were calculated for each plot, where Ell-N is closely linked to the productivity of the plant community (Ertsen et al., 1998) . Th ese values are based on an assignment of indicator values for specifi c environmental conditions to a large number of species (>3000) in the western part of Central Europe. Weighted averages can therefore be used to interpret environmental gradients from assemblage patterns and are widely used in ecological studies (Ertsen et al., 1998; Van Landuyt et al., 2008; Dupré et al., 2010) . (iii) Th e species list of each plot was categorized into vegetation types using a species-based classifi cation model for seminatural and natural riparian vegetation types (Nygaard et al., 2009 ). Th is model was developed to achieve a statistical and standardized interpretation of the plant community types protected by the Habitats Directive (HD) (Council Directive 92/43/EEC of 21 May 1992 on the conservation of natural habitats and wild fauna and fl ora) for application in the monitoring, assessment, and restoration of habitats in Denmark and is in accordance with CORINE Biotopes manual (Devillers et al., 1991) . Th e model builds on a total of 13,000 plots and a total of 700 species covering a gradient in human impact ranging from natural habitats with spontaneous vegetation (e.g., mires and fl ushes) to meadows and pastures. Th e CORINE lists biotopes or broad habitats, which are diff erentiated by the growth form of the vegetation and ecosystem functions. Th ese broad habitats encompass a range of vegetation types diff erentiated by species composition.
Relations between stream size characteristics (average width, depth, length and catchment size), soil characteristics of the site (average percentage values of mineral soil, peat, and gytja), and groundwater levels of the site (minimum and maximum values in April and October) were determined by regression analyses using number of community types as the response variable. Relations between categorical soil characteristics (i.e., number of soil textures and number of soil types) were analyzed using contingency tables. Logistic regression analyses were performed for each plant community type to analyze the relationship between the frequency of the community type and stream size using mean depth as a size measure. Detrended correspondence analysis axes scores, species richness, and Shannon diversity were calculated using PC-ORD 4.35 (MjM Software, Gleneden Beach, OR). Statistical analyses comparing indices among plant community types and relating community diversity to environmental site characteristics were performed using SAS (Systat Software, Inc., Chicago, IL).
Results
Plant Community Characteristics
We found high fl oristic variability in the investigated areas (Fig.  3a) . Th e gradient lengths were 6.3 and 6.8 for DCA axes 1 and 2, respectively (Fig. 3a) . Based on the species-based classifi cation model for seminatural and natural riparian vegetation types used, 10 diff erent vegetation types were identifi ed: alkaline fens (HD Annex 1; type 7230 [Supplemental Table S1 ]), dry fallow fi eld, dry herb fringe, humid fallow fi eld, humid meadow, hydrophilous tall herb fringe, improved meadow, Molinia meadow (HD Annex 1; type 6410 [Supplemental Table S1 ]), wet herb fringe, and wet meadow (Fig. 3a) . Indicator species of these diff erent communities are given in Appendix A. Alkaline fens were located to the left and hydrophilous tall herb fringes to the right of the fi rst DCA axis and wet herb fringes in the lower part and improved meadows in the upper part of the second DCA axis. Th e identifi ed plant communities were distinct with respect to all calculated metrics (species richness, Shannon diversity, DCA1-3, Ell-F, and Ell-N) (ANOVA; P < 0.0001) (Table 1 and Fig. 3b) . Th e high variability in DCA 1-3 axes values is indicative of the signifi cant underlying environmental gradients within and among the investigated areas (Fig. 3a) . Low species richness and diversity were associated with the different types of fringe vegetation (Fig. 3b) . Sample plots with hydrophilous tall herb fringe vegetation had on average 5.1 species, and plots with wet herb fringe vegetation had on average 5.4 species (Table 1) . Th ese communities were eutrophication tolerant, as inferred from high Ell-N values (6.9 and 6.5 for hydrophilous tall herb fringes and wet fringes, respectively) ( Table 1 ). In contrast, high richness and diversity were associated with alkaline fens and humid meadow vegetation (Fig.  3b ). Sample plots with alkaline fens had on average 8.1 species, and plots with humid meadow vegetation had on average 7.8 species (Table 1) . Th ese communities were also associated with low amounts of nutrients, with average Ell-N values being 4.3 for alkaline fens and 4.9 for humid meadows (Table 1) . High moisture values were associated with sample plots, with wet herb fringe vegetation (8.1) (Table 1) , alkaline fen vegetation (6.9), and wet meadow vegetation (6.9). In contrast, low moisture values were associated with sample plots with dry fallow fi eld vegetation (5.4) and improved meadow vegetation (5.5).
Community Diversity, Abundance, and Environmental Characteristics
Th ere was a signifi cant increase in the number of plant community types encountered in the riparian areas and the size of the streams in terms of mean depth but not in terms of mean width, length, or catchment area (Table 2) . We also found an increase in the number of community types with increasing amounts of gytja in the areas and with decreasing amounts of mineral soil (Table 2) . We did not fi nd signifi cant relations between the number of community types and hydrological descriptors (groundwater and fl ooding potential) or the number of soil textures or types encountered in the areas (Table 2) .
Th e most abundant plant communities encountered were hydrophilous tall herb fringes (27% of the areas) (Fig. 4) and improved meadow vegetation (12% of the areas). Th e rarest plant communities were Molinia meadows (2%), alkaline fens (6%), and wet herb fringes (7%). Th e frequency of the plant communities identifi ed was positively correlated with their nutrient preference in terms of Ell-N (r = 0.61; p < 0.0001) (Fig. 4a ) and negatively correlated with their moisture preference in terms of Ell-F (r = −0.12; p < 0.0001) (Fig. 4b) .
Four out of 10 identifi ed community types were diff erently distributed along the stream size gradient (Table 3) . Th e abundance of alkaline fens, hydrophilous tall herb fringe, and Molinia meadows decreased with increasing stream depth, whereas the abundance of humid meadows and wet herb fringes increased with increasing stream depth (Table 3) .
Discussion
Several community types were identifi ed in the investigated areas, including very species-rich types (e.g., alkaline fens and humid meadows) and species-poor types (e.g., dry and hydrophilous tall herb fringes). In particular, alkaline fens and Molinia meadows deserve attention because they are HD Annex 1 listed habitat types (Council Directive 92/43/EC). Previous studies have revealed that alkaline fens occur in approximately 29% of all riparian areas that are not in use for agricultural production in Denmark and that Molinia meadows occur in 24% of these areas but with a very restricted abundance when present (Baattrup-Pedersen et al., unpublished data). We found a positive relationship between stream mean depth as a measure of stream size and plant community richness in the riparian areas, but we did not fi nd that this observation could be explained by a general increase in the environmental heterogeneity in the riparian area with increasing stream size (Brinson, 1993; Ward et al., 2002; Grootjans et al., 2002) . Th us, soil type was the only variable found to play a signifi cant role for the observed pattern, with an increase in the number of community types encountered with increasing percentages of gytja and decreasing percentages of mineral soil in the areas, whereas no signifi cant linkages were found to the hydrological measures used (i.e., groundwater minimum and maximum levels in spring and autumn and fl ooding potential).
Th e lack of signifi cance between the hydrological measures used to describe site hydrology and community richness may refl ect the fact that the spatial and especially short-term period of measurements restricts our ability to identify linkages. Th e fi nding that soil type played a signifi cant role for community richness supports this. Th us, soil type can be regarded as an integrated measure that, over time, besides refl ecting the geomorphology of an area, refl ects the hydrological conditions; for example, high peat content indicates that the soil is waterlogged during a major part of the year and high gytja content indicates waterlogged conditions, whereas high mineral content indicates that that the moisture content is low (Goodall, 1983) .
Our setup did not allow for a separation of the diff erent groundwater sources, such as shallow local and deep regional groundwater, that may be very diff erent regarding physio-chemical characteristics (Winter, 1999; Dahl et al., 2007) and hence contribute diff erently to the environmental heterogeneity in the areas. For example, discharge of deep groundwater into a riparian area is associated with low water temperature, low amounts of nutrients, and a steady supply of water (Almendinger and Leete, 1998; van Loon et al., 2009) , whereas shallow groundwater can have high levels of nutrients, in particular in catchments with high agricultural activity (Allan et al., 1997; Davies and Neal, 2007) . Because diff erent groundwater sources provide habitats for diff erent community types spanning from high-productive types (e.g., high tall herb fringes) to very low-productive types (e.g., alkaline fens) (DeMars et al., 1997; Wassen et al., 2003; Grootjans et al., 2006) , a high community richness is likely to evolve in areas with discharge of diff erent types of groundwater (Jansson et al., 2007) .
High levels of eutrophication in the areas may also explain why environmental variability explained only a limited amount of the observed variation in community richness in the investigated areas. Th e positive coupling found between community abundance and Ell-N indicates that eutrophication tolerance is an important regulatory mechanism of community distribution in the riparian areas studied, refl ecting that the anthropogenic impact is generally high in Denmark and relates primarily to farming activities, atmospheric deposition, and urban developments in the catchments (Kronvang et al., 2008) . Th us, erosion and leaching of nutrients from diff use sources in the direct drainage area to the riparian area, atmospheric deposition of NH 3 and NO x from local and distant sources, and nutrients deposited during inundation from upstream catchment areas enhance the nutrient availability in riparian areas (McDowell et al., 2003; Hoff mann et al., 2006; Hoff mann et al., 2009) . High nutrient availability promotes species that have fast growth and at the same time strong competitive capabilities for nutrients and light (Grime, 1973) . Th e highly abundant tall herb fringe community that was identifi ed in 27% of the areas consists of species with these functional characteristics (see Appendix) (Grime, 1973 (Grime, , 1979 , whereas alkaline fens that require permanent high water tables and a continuous supply of unpolluted groundwater (Boomer and Bedford, 2008) are particularly sensitive to agricultural improvement. Th e low tolerance of alkaline fens and Molinia meadows to high levels of nutrients may also explain their distributional pattern along the investigated streams. Both community types decreased in abundance in the investigated areas with increasing stream size, which may refl ect that the risk of having high levels of nitrate in the discharging groundwater increase with increasing recharge area in Denmark because of high levels of agriculture (?66%) (Grant et al., 2009) . Th e results presented here demonstrate that several plant community types can be encountered along lowland streams in agricultural landscapes and that diversity values should be considered in the planning and management of these areas for water quality improvement (e.g., Hill, 1996; Venterink et al., 2006) and agricultural developments. Based on our fi ndings, we suggest that wide buff er zones should be established along streams with eutrophication-sensitive, protected habitat types in the associated riparian areas to reduce the direct impact from agriculture. Furthermore, we suggest that wide buff er zones should be established along middle-sized and large streams because several community types may develop. Flooding is also more likely to occur along middle-sized and large streams, as compared with small streams, which may aid the maintenance of species-rich, moderately nutrient-rich fen and meadow vegetation provided that the water is not heavily polluted (Wassen et al., 2003) .
Conclusions
Our study demonstrates that the vegetation in riparian areas is closely linked to stream size and eutrophication. We found a positive relationship between stream mean depth as a measure of stream size and the number of plant community types identifi ed in the riparian areas and found that the abundance of the identifi ed communities was positively correlated with their nutrient preference and negatively correlated with their moisture preference. Th e abundance of protected community types (e.g., alkaline fens and Molinia meadows) decreased with increasing stream size, whereas the abundance of wet herb fringes and humid meadows increased with increasing stream size. during a workshop organized within COST Action 869 in Ballater, UK. We thank Maria Jensen for proofreading the manuscript.
